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Abstract

We studied the mutation effect of one of the putative loop residues Thr792 in human DNA topoisomerase IIa (TOP2a). Thr792
mutants were expressed from high or low copy plasmids in a temperature sensitive yeast strain deficient in TOP2 (top2-1). When

expressed from a high copy plasmid, mutants with small side chains complemented the yeast defect; however, from a low copy

plasmid, only wild-type, Ser, and Cys substitution mutants complemented the yeast defect. Interestingly, at the permissive tem-

perature other mutants (e.g., Val, Gly, and Glu substitutions) showed the dominant negative effect to the top2-1 allele, which was

not observed by the control a4-helix mutants. T792E mutant was 10-fold less active than wild-type and the T792P had no decat-
enation activity in vitro. These results suggest that Thr792 in human TOP2a is involved in enzyme catalysis.
� 2003 Elsevier Science (USA). All rights reserved.
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DNA molecules exist in nuclei as compact, super-
coiled, and catenated structures that become relaxed or

resolved during transcription and DNA replication.

This topological change requires type II DNA topo-

isomerase, an ATP-dependent enzyme, that introduces

transient incisions and rejoins double-stranded DNA to

alter superhelical tension and change DNA topology [1].

In higher eukaryotic cells, TOP2 exists in two iso-

forms, a and b [2,3]. It is likely that TOP2a and b play
roles in cell division, DNA replication, and transcrip-

tion. TOP2a may play a role during chromosome con-
densation and partitioning, because the level of TOP2a
reaches a maximum in G2/M [4]. In contrast, TOP2b is
expressed at a constant level [5,6] and may play a role in

cell differentiation [7,8].

Eukaryotic type II topoisomerase is a homodimer
composed of subfragment A0 with a breakage/rejoining

domain and subfragment B0 with an ATPase domain.

The primary structure of each domain/subfragment is

highly conserved among known species. Amino acid

sequences and crystal structures of Saccharomyces ce-

revisiae TOP2 and Escherichia coli DNA gyrase share

extensive similarity [9,10]. Genetic complementation

tests show that mouse, Drosophila, and human TOP2
enzymes complement TOP2-deficient yeast cells [11–13].

The breakage/rejoining domain includes the active

site Tyr805, which is a residue in the helix turn helix

(HTH) winged motif [9]. In our previous work, mutants

in a loop region near the active site of human TOP2a
were screened for their ability to complement yeast cells

with a temperature sensitive mutant of TOP2 [14]. We

showed that active site Tyr805 is essential for comple-
mentation and that mutants in Leu794, Asp799, Ala801,

and Arg804 complement the yeast mutant only if con-

servative substitutions are made. Furthermore, in the
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structure model Thr792 may interact with Asp799,
suggesting that Thr792 is also employed for catalysis as

the other loop resides. Interestingly, the amino acids in

S. cerevisiae TOP2 that correspond to these residues of

human TOP2a lie in the same plane as active site

Tyr782. (Tyr805 in human TOP2a is equivalent to yeast
Tyr782.) To better understand the functions of loop

residues for genetic complementation and catalysis,

we genetically and biochemically analyzed the Thr792
mutations.

Materials and methods

Yeast strains, cDNA, and oligonucleotides. Complementation ac-

tivity was measured in the yeast strain SD1-4 (MATa, ade1, ade2, ura3-

52, and top2-1). Full-length human TOP2 cDNA was described

previously [14,15]. DNA oligomers were synthesized and purified by

Amersham Pharmacia Biotech or NK products (Osaka, Japan).

Plasmid construction. One of the two BglII sites in LLpYES

hTOP2-PGAL1 [14] was inactivated by inserting the oligomer 50-

GATCAGTCAGTCAGTCAGTCG annealed to the complementary

sequence 50-GATCCGACTGACTGACTGACT (p0YES-PGAL1-

hTOP2). A non-functional TOP2 plasmid (Dummy Vector) was

constructed by ligating the large BglII–KpnI fragment of p0YES-

PGAL1-hTOP2 to the oligomer 50-GATCTAGTCAGTCAGTCGAG

CTCGCATGCAGTCAGTCAGTCGGTAC annealed to 50-CGACT

GACTGACTGCATGCGAGCTCGACTGACTGACTA.

For some experiments, a centromeric plasmid carrying the ADH1

promoter, YCp-PADH1-hTOP2, was constructed. The ADH1 pro-

moter from YPB1-ADHpt was inserted into the large NaeI–NotI

fragment of p0YES-PGAL-hTOP2 (p0YES-PADH1-hTOP2). The SacI

linker (50-TCGAAGTCAGGAGCTCAGTCAG annealed to 50-

TCGACTGACTGAGCTCCTGACT) was inserted and p0YES-

PADH1-hTOP2 was digested with SnaBI and SacI. The large fragment

was ligated with the large SmaI–SacI fragment of YCplac33 (YCp-

PADH1-hTOP2).

Site-directed mutagenesis. PCR mutagenesis was carried using

PCR-A primer, 50-AG CCC ATT GGT CAG TTT GGT NNN AGG

CTA CAT G, where NNN indicates random sequence that encodes 19

different amino acids. The reverse primer is complementary to the XbaI

site of hTOP2 cDNA (50-C AAC ATG GGT TCT AGA ACT TG).

Using LLpYES-PGAL1-hTOP2 as a template, 30 cycles of PCR were

carried out (94 �C for 30 s, 54 �C for 30 s, and 72 �C for 30 s) using
proofreading-competent Pyrobest DNA polymerase (TaKaRa, Kyoto,

Japan). A 450-base pair PCR product was isolated by electrophoresis

in 1.2% agarose and purified by QIAEXII gel extraction kit (Qiagen,

Valencia, CA). A 240-base pair fragment was synthesized using the

forward primer, 50-CT GAT AAC GAG AGA TCT ATC C, which

contains a BglII site, and PCR-B primer, 50-ACC AAA CTG ACC

AAT GGG CT. These two PCR fragments were used as templates to

amplify the 680-base pair fragment using forward and reverse primers.

The fragment was digested by BglII and XbaI and ligated with the

large BglII–XbaI fragment of the Dummy Vector. Constructs were

isolated and sequenced. The double mutant T792D:D799T was con-

structed using primer 50-AG CCC ATT GGT CAG TTT GGT

GATAGG CTA CAT GGT GGC AAG ACCTCT GCT AGT CCA

for PCR-A primer; underlined nucleotides introduce amino acid

substitutions.

Mutations were transferred into a centromeric plasmid as follows:

another dummy vector, YCp-PADH1-dum, was constructed by ligat-

ing the larger NotI–KpnI fragment from YCp-PADH1-hTOP2 with

50-GGCCGCAGTCAGGGGCCCAGTCAGACGCGTAGTCAGG

TAC annealed to 50-CTGACTACGCGTCTGACTGGGCCCCTGA

CTGC. The smaller NotI–PacI fragment of YCp-PADH1-dum was

replaced with the NotI–PacI fragment from each p0YES-PGAL-

hTOP2 mutant.

The a4 helix motif mutants were also constructed by site-directed
mutagenesis. In this study, mutants that did not complement the SD1-

4 strain were chosen and used for analysis. Detailed construction

method will be reported elsewhere.

Genetic complementation of top2-deficient yeast. The complemen-

tation assay was described previously [14]. Plates were cultured at

35 �C for 3 days and colonies were counted. Three independent

experiments were performed with independent clones.

Cell growth. SD1-4 cells were transformed with a centromeric

plasmid expressing mutant TOP2a. Fresh transformants were inocu-
lated into SCglu (6.7 g/liter yeast nitrogen base without amino acids,

5 g/liter casamino acids, 20 g/liter glucose, 20mg/liter adenine sulfate,

20mg/liter tryptophan, and 20mg/liter uracil) and cultured overnight

at 25 �C. Cells were washed with water, diluted to OD600 at 0.05 in

SCglu with or without uracil, and cultured at 25 �C. The rate of cell
growth was determined from turbidity measurements taken at the

indicated time points.

Plating efficiency. SD1-4 cells were transformed with a centromeric

plasmid expressing mutant TOP2a. Fresh transformants were inocu-
lated into SCglu and cultured overnight at 25 �C. Cell aliquots were
diluted, plated onto SCglu with or without uracil plates, and cultured

at 25 or 35 �C for 3 days.
Enzyme purification. Expression and purification of wild-type and

mutant TOP2 was carried out as described previously with modifica-

tions [15] using BAC-TO-BAC HT Baculovirus Expression System

(Life Technologies, MD). At 72 h postinfection, 2� 108 cells were
harvested by centrifugation at 600g, washed with 30ml phosphate-

buffered saline [PBS; 137mM NaCl, 2.68mM KCl, 8.1mM Na2HPO4,

and 1.47mM KH2PO4)], lysed in 18ml ice cold-lysis buffer [50mM

KCl, 10mM Tris–HCl (pH 7.5), 2mM MgCl2, 1% Triton X-100,

10mM of 2-mercaptoethanol, and 0.15mg/ml phenylmethylsulfonyl

fluoride (PMSF)] at 4 �C, and homogenized (40 strokes) on ice in a
tight fitting Dounce homogenizer. The sample was centrifuged at 600g

for 10min. The pellet (nuclei) was resuspended in 12ml resuspension

buffer [50mM KCl, 10mM Tris–HCl (pH 7.5), 2mM MgCl2, 10mM

of 2-mercaptoethanol, and 0.15mg/ml PMSF] and centrifuged at 600g

for 10min. The pellet was washed and resuspended in 6ml resuspen-

sion buffer-2 [50mM KCl, 10mM Tris–HCl (pH 7.5), 2mM MgCl2,

16mM of 2-mercaptoethanol, 0.4mg/ml PMSF, 5mM EGTA]. Six ml

of 2� nuclear extraction buffer [2M NaCl, 80mM Tris–HCl (pH 7.5),

and 20% glycerol] and 6ml PEG buffer [18% PEG 8000, 1M NaCl,

and 10% glycerol] were added slowly with stirring in this order. The

mixture was stirred for 30min and centrifuged at 10,000g for 10min.

The supernatant was loaded onto a 2ml In-resin column (Nonagon,

His-Bind Resin, WI) equilibrated with buffer A [20mM Tris–HCl (pH

8.5), 500mM KCl, 20mM imidazole, 10mM of 2-mercaptoethanol,

and 10% glycerol]. The column was washed with 20ml buffer A, 0.6ml

buffer B [20 mM Tris–HCl (pH 8.5), 1M KCl, 10mM 2-mercap-

toethanol, and 10% glycerol] and 6ml buffer A. Bound protein was

eluted with elution buffer [20mM Tris–HCl (pH 8.5), 100mM KCl,

1M imidazole, 10mM of 2-mercaptoethanol, and 10% glycerol] and

500ll fractions were collected. Peak fractions were dialyzed against
500ml buffer-D1 [25% glycerol, 50mM potassium phosphate (pH 7.7),

0.5mM DTT, 1mM EDTA, and 100mM NaCl] for 2 h and against

buffer-D2 [50% glycerol, 50mM potassium phosphate (pH 7.7),

0.5mM dithiothreitol (DTT), 1mM EDTA, 1mM EGTA, and

100mM NaCl] for 2 h. Protein concentration was determined with

Bradford reagent (BioRad, Richmond, CA) and the enzyme was stored

at )20 �C for months.
Topoisomerase activity assay. Decatenation activity was measured

using kinetoplast DNA (kDNA) (TopoGEN, Columbus, OH). A 20ll
decatenation reaction contained 100ng kDNA in 50mM Tris–HCl

(pH 8.0), 120mM KCl, 10mM MgCl2, 0.5mM DTT, 30lg/ml BSA,
and 1mM ATP. Enzyme was added and incubated for 15min at 37 �C.
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The reaction was stopped with 2 ll loading dye (1% SDS, 50% glycerol,
and 0.05% bromophenol blue, TaKaRa). Reaction products were

separated by electrophoresis in 1% agarose gel in the presence of

1.0 lg/ml ethidium bromide. Agarose gels were destained in water for
45min and reaction products were visualized under UV light. One unit

of decatenation activity is defined as the amount of enzyme that

decatenates 100 ng kDNA under these conditions.

Results and discussion

Genetic complementation of top2-deficient yeast by

Thr792 mutants of human TOP2

Human TOP2a Thr792 and Asp799 are conserved
residues positioned in a putative loop region in the helix

turn helix (HTH) winged motif. In S. cerevisiae TOP2,

the analogous residues lie in close proximity (Figs. 1 and

2), but are distant from the catalytic tyrosine. Previous
studies show that Asp799 is essential for catalysis by

human TOP2a [14]. To identify the role of Thr792 and
functions of human TOP2a, we introduced mutations in
this enzyme.

Plasmids expressing mutant or wild-type human

TOP2a were constructed in a high copy vector pYES2
and transformed into temperature-sensitive top2-1 yeast.

At the non-permissive temperature, complementation
was observed for wild-type TOP2a and a control mutant
D799E [14]. A double mutant of TOP2a T792D:D799T
was also constructed, in which the identity of the two

residues is switched. In this mutant, a hydrogen bond

may form between the two mutant residues Asp792 and

Thr799. The T792D:D799T mutant of human TOP2a

did not complement top2-1 yeast at the restrictive tem-

perature (Fig. 3A).

Human TOP2a mutants of Thr792 were constructed
by site-directed mutagenesis (Thr792 mutants) and the

mutants were tested in yeast complementation assays.

Mutants in which Thr was substituted by Ala, Val, Gly,

Ser, Cys, Glu or Asn complemented the yeast defect
efficiently at 35 �C, but other amino acid substitutions
were less efficient (Fig. 3A). When expressed from a low

copy plasmid YCp, Thr792 mutants with Ala, Cys or

Ser substitutions grew as efficiently as wild-type. In

contrast, Thr792 mutants with Glu, Val, or Gly substi-

tutions inhibited yeast growth (Figs. 3B and C). These

mutants were also associated with variety of sizes and

shapes when they were observed using microscope (data
not shown). Therefore a small side chain at position 792

is required for complementation of top2-1 yeast.1

Interestingly, the growth suppression was observed

not only at the restrictive temperature, but also at the

permissive temperature. Therefore mutation effect at

this position was dominantly negative to the yeast cell

growth. The strongest effect was observed in the yeast

with T792P mutant; after the transformation, no yeast
cell grew at the permissive temperature and no trans-

formant was obtained for the analysis described below

(data not shown). This effect was considered to be top2-1

allele specific, because the effect was not observed when

the mutants were introduced in yeast strains with wild-

type TOP2 allele (data not shown). To know if this

phenotype is common to the human TOP2a mutants in

Fig. 1. Amino acid alignment of the loop region in TOP2. Protein

sequences of topoisomerase II from the indicated species were aligned

[21]. Amino acid coordinates in human TOP2a are indicated from
Thr792 to Thr808, which corresponds to residues 769–785 in S. cere-

visiae Top2. Numbers of the first amino acids of other TOP2 species

are also indicated. Species abbreviations are as follows: CG, Cricetulus

griseus; Mm, Mus musculus; Rn, Rattus norvegicus; Cl, Cricetulus lon-

gicaudatus; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans;

At, Arabidopsis thaliana; Sc, S. cerevisiae; Tb, Trypanosoma brucei; Tc,

Trypanosoma cruzi; and Cf, Crithidia fasciculata. Asterisk indicates the

active site Tyr. The open triangle indicates Thr792 in human TOP2a.
Closed triangles show catalytically important amino acids [14].

Fig. 2. Structural model based on S. cerevisiae TOP2. The winged

motif of the A0 subfragment in the S. cerevisiae crystal structure

(AA702–AA792) is shown. Side chains and numbers are from human

TOP2a: Tyr805 (red), Asn770, Leu771, and Ala772 (blue). Thr792 and
Asp799 are shown in purple and dark yellow, respectively, and the

putative interaction between them is indicated by a solid bar. The

polypeptide backbone between Thr792 and Tyr805 is highlighted in

gray, which is referred to as �loop region� in the text, and the remaining
region is in green. N and a4 indicate the protein N-terminus and the
fourth helix of the winged motif, respectively.

1 Side chains was classified according to Molecular Cloning [20].
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the top2-1 strain, we further performed the comple-

mentation assay using other mutants, which have single

amino acid substitutions in or near the putative fourth

helix (a4-helix mutants, Figs. 3D and E). These mutants
did not support the yeast growth at the restrictive tem-

perature, but in contrast to the Thr792 mutants, they did

not give any apparent effect on the cell growth at the
permissive temperature.

Function of polar side chain at Thr792

The growth rate of Thr792 and a4 helix mutants
expressed from the centromeric YCp plasmid was de-

termined in liquid culture. Thr792 mutants with Ala,

Cys, and Ser substitutions grew at a similar rate as wild-

type, mutants with Asn and Gly substitutions grew at a
3- to 10-fold slower rate than wild-type, and no growth

was observed when top2-1 yeast were complemented by

other Thr792 mutants with Glu and Val substitutions

(Fig. 4A). Again, the a4-helix mutants grew as efficiently
as wild-type at the permissive temperature (Fig. 4B).

The plating efficiency of top2-1 yeast complemented

by Thr792 mutants was determined by culturing cells in

liquid medium containing uracil and plating the cells
in the absence of uracil. Plating efficiency was similar in

cells expressing wild-type, Cys, or Ser mutants of human

TOP2a. Cells expressing the Thr792 mutant with an Ala
substitution had a �30% plating efficiency and other

Thr792 mutants (Asn, Val, Gly, Gln, and Glu) did not

form colonies at all (Fig. 4C). This result suggests that

an uncharged polar residue (Thr, Cys, or Ser) is required

at position 792, either to prevent plasmid loss or to

suppress the dominant negative effect to the host chro-

mosome replication/segregation.

It was shown that plating efficiency of the Thr792

mutants was temperature-independent. In contrast that

of the a4 helix mutants and dummy vector (YCp-PA-
DHI-dum) was dependent on temperature; i.e., at the
permissive temperature it was as high as wild-type and

at the non-permissive temperature, colony formation

was not observed (Fig. 4C).

Decatenation activity of wild-type and mutant human

TOP2a

The ability of an enzyme to complement a genetic

deficiency usually reflects the ability of the protein to
perform the catalysis (see [16–18]). However, TOP2 is a

component of the mitotic nuclear scaffold [19], thus it

may play a structural role rather than performing an

enzymatic function. In order to know if enzyme activity

of Thr792 mutants is required for the genetic comple-

mentation, the enzymatic capacity of T792E and T792P

was analyzed using purified recombinant protein and a

decatenation assay (Figs. 5A and B). Using wild-type
TOP2a, maximum decatenation activity was observed

with 1 ng protein. In contrast, T792E, which comple-

mented top2-deficient yeast when expressed from a high

copy number but not from a low copy number plasmid,

showed activity 10-fold lower than wild-type. T792P did

not complement top2-deficient yeast and had no decat-

enation activity at high enzyme concentration (250 ng).

Fig. 3. Functional complementation of top2-1 yeast by human TOP2a. (A) S. cerevisiae SD1-4 (top2-1) was transformed with WT or mutant human
TOP2a with substitutions at position Thr792 expressed from high copy plasmid. Transformed cells were streaked on SCgal-URA [14] and incubated
at 35 �C. The amino acid change at Thr792 is indicated at the upper or lower left of the plates. DBL indicates the double mutant T792D:D799T. (B–
E) Complementation assay was performed using the low copy number YCp vector at 25 (B and D) or 35 �C (C and E). The amino acid change at
Thr792 is indicated at the upper left of the plates. Dum, 14A, 15P, 16P, and 19P represent the dummy vector YCp-PADH1-dum (Materials and

methods), N770A, L771P, A772P, and F775P, respectively. In (D) and (E), mutation was introduced in or near the putative a4 helix.
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These results demonstrate that Thr792 is required for

catalysis by human TOP2a and suggest that the enzy-
matic activity of Thr792 mutants is required for com-

plementation of top2-1 yeast.

In this manuscript, we showed that for cell growth

the plasmid-borne Thr792 mutant allele is dominant to

the yeast chromosomal top2-1 allele (Figs. 3B, C, and 4).

The dominant negative phenotype would appear if an
inactive mutant protein binds and occupies the TOP2a
binding sites more strongly than wild-type. In the pres-

ence of a 250-fold excess of inactive T792P, activity of

wild-type TOP2a was not inhibited in vitro (data not
shown). Therefore, it is not likely that the mutation di-

rectly changed the affinity to the DNA substrate, al-

though we hypothesized that the loop residues may

interact with the DNA substrate [14]. Alternatively, the
mutant TOP2a (human) might form a chimeric dimer

with yeast TOP2, and thus, cause a dominant-negative

phenotype. This is also unlikely, because not all the

TOP2a gave the same phenotype; the control a4-helix
mutants did not suppress the yeast cell growth at the

permissive temperature. We prefer the thinking that the

Thr792 mutation inhibits the interaction between
TOP2a and other essential yeast protein(s), whether

directly or indirectly. However, at present, other mech-

anisms are equally possible, e.g., TOP2a stability could
differ between the mutants, depending on where and

what kind of amino acid substitution takes place. Fur-

ther experiments must be carried out to elucidate what

mechanism underlies the dominant and non-dominant

ways of complementation.
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